Abstract--Uncertainties in the surface wind field have long been recognized as a major limitation in the interpretation of results obtained by oceanic circulation models. It is especially true in the tropical oceans, where the response to wind forcing is very strong on short time scales. The purpose of this paper is to show that these uncertainties can be greatly reduced by using spaceborne wind sensors that provide accurate measurements on a global basis.
tral Pacific. The forthcoming scatterometers aboard the METOP and ADEOS satellites will provide a much better coverage. 11 will enable the wind variability spatial and temporal scales to be resolved better, in order that wind uncertainties no longer blur the interpretation of ocean circulation numerical models results.
Index Terms-Ocean model, ocean surface, scatterometer, sea level. I. INTRODUCTION HE surface wind stress is the main driving force for the ocean but is poorly measured by at-sea instrumentation.
Consequently, much attention has been given to the effect of wind uncertainties on the oceanic circulation simulations. Busalacchi el al. [1] used a linear model to show that wind uncertainties generate biases in the sea level of the order of or greater than the tropical oceans seasonal and interannual variability. To better interpret the models response, Duchene and Frankignoul [2] have defined statistical tests to lake into account the uncertainties in atmospheric and oceanic data, further demonstrating that the sensitivity to forcing errors is very model-dependent. In addition to the paucity of in situ measurements, atmospheric models suffer from uncertainties in various parameterizations affecting the surface wind stress calculation (parameterization of the convection [3] and parameterizations of processes affecting the clouds [4] among others).
Frequent changes in these models make the constitution of long-term homogeneous wind data sets for realistic oceanic simulations difficult. Furthermore, the recent atmospheric reanalyzses are not based on the state-of-the-art models and assimilation schemes, and the climate models provide even less realistic simulations.
Recently, Liu et al. [5] demonstrated that spaceborne special sensor microwave/imager (SSM/I) winds allow belter simulation of the ocean than when using the European Center for ESA/ASCAT) to resolve the diurnal wind variability, it allows the wind direction to be retrieved accurately. In addition, the wind speed and its signals are not strongly affected by the atmospheric transmission. Freilich and Chelton [6] were the first to demonstrate the ability of scatterometers to retrieve the surface wind spatial and temporal scales of interest for the ocean by using the Ku-band (13.4 GHz) SEASATscatterometer three months data set described by Jones el al. [7] . The ERS scatterometers data processed at IFREMER are shown to be highly accurate: about 1.2 m/s and 15° root mean squared error (RMSE) for the wind speed and wind direction, respectively [8] , [9] , and not significantly affected by rain.
In this paper, we analyze ERS surface wind measurements to examine their adequacy to force the oceanic global circulation model (OGCM) OPA7 [10] . Taking advantage of this wealth of surface wind measurements over a time period covering several annual cycles, mean weekly surface wind and wind stress fields were computed onto a 1° square grid using a statistical interpolation method. This temporal resolution was chosen because the ERS scatterometer coverage is not sufficient to resolve higher scales, but it allows sampling of important features of the tropical atmospheric variability, such as the so-called
Madden-Julian oscillations [II] or the wind bursts triggering the oceanic variability in the western Pacific [12] , [13] . 
A. Data Description
Two experiments with the OPA7 model, covering the time period 1992-1995, were made concurrently using two different data sets. The first data set consists of the surface fluxes fields (10 m wind-stress vectors, net heat flux, net short-wave radiation flux, and water flux at the sea surface) from the Arpège Climat model (BF5 experiment, Deque and Piedelièvre [16] ).
This is a spectral model where measured sea surface temperature (SST) fields [17] are used as a boundary condition.
In the second data set, we used the same solar and water fluxes and the ERS-I wind stress fields. The sensible and latent heat fluxes are computed with bulk formulae, using the Reynolds SST and the ERS-I scatterometer winds. In computing wind stress from ERS-1, we used the drag coefficients determined by Smith [18] . The computation of ERS-1 scatterometer wind vectors from the radar measurements and their validation are described by Quilfen [19] . The C-band model function CMODJFR2 [9] used to compute the wind vector from the radar backscatter measurements is calibrated with the National Data Buoy Center, Stennis Space Center, buoys wind measurements in neutral conditions. The scatterometer wind accuracy estimate is 1.2 m/s and 15° RMS for the wind speed and wind direction, respectively, by comparison with independent NDBC buoy measurements [8] , [20] . ERS-1 and ERS-2 were cross-calibrated, and a 0.2 dB bias in ERS-2 measurements was corrected for the time period August 1996 to June 1997. The kriging method used to produce the regular weekly fields is described by Bentamy et a I. [21] . This interpolating method allows great reduction in the impact of bandlike sampling discussed by Barnier et al. [22] . These data 
B. Model Description
The OPA7 TOTEM (three tropical oceans version) 3D ocean model developed by modelers from the Laboratoire d'Océanographie DYnamique et de Climatologie [10] was used.
OPA 7 solves the primitive Navier-Stokes equations simplified by the classic hydrostatic and Boussinesq approximations with a rigid lid and incompressibility. An important characteristic of this model is the turbulent kinetic energy (TKE) closure scheme [26] which allows the momentum flux derived from the ERS winds to generate mixing in the upper ocean. Its horizontal domain covers the belt between 50°N and 50°S in latitude and its spatial resolution is irregular. The meridional resolution is 1.5° at the high latitudes and 0.33° at the equator. 
III. ERS-1 SCATTEROMETER WINDS ASSESSMENT
To better interpret the differences between T/P basin-scale sea level anomalies and those simulated by the ERS-1 wind forced ocean model, it is useful to look at how well ERS-1 winds agree with the TAO buoys measurements. To compare the two data sources in a synthetic way, we have defined three key areas of the tropical Pacific: an area in the eastern Pacific containing TAO moorings at M0°W, 125°W and 140°W covering partly the El Nino 3 region; an area in the central Pacific containing TAO moorings at 155°W, I70°W and 180°W covering partly the El Nino 4 region; an area in the western Pacific containing TAO moorings at 154°E, 156°E, 158°E and 165°E covering partly the Warm Pool region (Fig. 1) . Weekly ERS-I and TAO winds were averaged in these areas between 6°N and 6°S. Results are displayed in indicated in Table I for the El Nino 3, EL Nino 4 and Warm Pool regions. Correlation coefficients are of the order of 0.9 and are significant at the 95% confidence level. The zonal and meridional wind components root mean square differences vary between 0.68 m/s and 0.97 m/s. ERS-l zonal winds are slightly lower than TAO winds in the eastern Pacific. It is mainly the result of errors in the scatterometer C-band model definition and calibration, which for this example does not take into account the influence of the strong westward south equatorial surface currents in the eastern Pacific ocean [27] . The correlation coefficient is lower and root mean square differences are higher in the western Pacific for the zonal component, partly because the ERS scatterometer sampling is not sufficient to well feature the zonal winds that are highly variable at shorter time scales than in the eastern Pacific. The agreement is nevertheless remarkable for these short-term (a few weeks) fluctuations which represent a large part of the variance signal. The seasonal signal is clearly present in the meridional components while the zonal components exhibit shorter fluctuations, especially in the Warm Pool region in the 30/50 days range of the so-called Madden-Julian oscillations [11] . This region is of special interest because frequent westerly wind bursts are triggering factors for the El Nino events [12] , [13] .
To summarize, we can say that the ERS scatterometers are able to provide accurate winds to study the basin-scale oceanic circulation in the tropical Pacific with a good resolution and we expect this result to hold in the other oceans.
IV. SEA LEVEL ANOMALY ANALYSIS
We intend in this section to provide a global joint view of the sea level anomalies simulated in ERS/Run and measured by T/P. We present also the results obtained by using the Arpège-Climat winds to simulate the SLA (hereafter denoted by ARP/Run SLA) for comparison, although these winds are not very realistic because the Arpège-Climat model does not assimilate any wind observations. Nevertheless this comparison is useful because the atmospheric climate models are currently used for coupled ocean/atmosphere simulations. Validation and improvements of these simulations need better estimates of the surface fluxes as outlined by Delecluse et al. [28] . The time period analyzed hereafter covers only 1993/1995, in order to avoid using less accurate T/P measurements at the beginning of its mission.
An efficient way to make the comparisons over the three tropical oceans is to perform an Empirical Orthogonal Function (EOF) analysis of each SLA field and then to compare the significant EOF's. This method splits the field variance into a few significant orthogonal components explaining a high percentage of the total variance, allowing us to describe efficiently the space/time variability patterns [29] . Because the OPA7 experiment only covers two years and a half, it was not possible to separate the annual variability from the interannual one to perform two different EOF analyses. The EOF's were, therefore, computed from the SLA covariance matrix, from which the mean over the experiment duration was subslracted, and this analysis will display the interannual modes as well as the annual one. To better support interpretation of these EOF's, we have also computed separately EOF's of the mean annual and interannual T/P SLA signals of the over the five years 1993/1997 (not shown).
The agreement between the measured and the simulated SLA EOF's is measured by computing the correlation coefficients between the EOF's space and time functions. We limit our analysis to the four first components explaining the higher percentages of variance. Indeed, Arnault and Le Provost [30] showed that the components beyond the 4th were likely to be contaminated by residual errors in the CSR3.0 tide model. The components hereafter analyzed are found to be significant following the Overland and Preisendorfer test [31] .
A. EOF's Comparison
The four first significant EOF's derived for the time period 1993/1995 are described in Table II , their spatial patterns are displayed in Figs. 5 and 6 for T/P and ERS/Run, respectively, and their temporal amplitudes are shown in Fig. 4 . ARP/Run results are also indicated in Table II The two first EOF's describing together the seasonal SLA variability represent about 50% of the total variance for T/P and ERS/Run and 59% for ARP/Run. There is very little sub-seasonal variability in the Arpege winds, explaining thus a relatively high percentage of variance in the two first ARP/Run EOF's. The lower variance explained by the four first T/P components could be due to the higher mesoscale signals in the measurements compared to the smoother simulated sea level anomalies, although the OGCM grid is finer.
The most interesting result displayed in Table II concerns the correlation level between the measured and the simulated SLA fields. High spatial and temporal correlations are found between T/P and ERS/Run, indicating a very good agreement even for the EOF's 3 and 4 which represent less than 10% of the variance. The agreement between T/P and ARP/Run is generally much lower, except for the temporal part of the annual signal. For both ERS/Run and ARP/Run the spatial correlations are lower than the temporal one, results that can be attributed to real differences in the patterns (Figs. 5 and 6 ) and to the difference in the T/P and OPA7 grid (simulated SLA were interpolated onto the T/P grid to compute the correlation coefficients). They are normalized to express the anomalies directly in because the scalar EOF decomposition cannot take into account centimeters on Figs. 5 and 6. the propagating features. EOF's 1 and 2 describe, with a phase I) The Annual Variability: The amplitudes of the modes 1 difference of three months, the strong seasonal variability of and 2 temporal series describe the annual signal and account the equatorial topographic structure, and a small steric signafor nearly 50% of the total variance for both T/P and ERS/Run ture with out of phase variability for both hemispheres in EOF fields (Table II) . The annual signal is split into two components 1. This result corroborates the Hendricks et al.
[32] findings. this scatterometer data source to feature the main wind patterns for studying the ocean variability. The scatterometer data used in this section include both the ERS-1 and ERS-2 measurements, and the T/P data are used from cycle 11 through cycle 195. Fig. 7 displays, for the three areas defined in Section III, the SLA measured by T/P over the time period 1993-1997 and simulated in ERS/Run over the time period January 1993-July 1995 for comparison purpose. Fig. 8 displays, for the same areas, the zonal wind component measured by the ERS-1 and 2 scatterometers over the time period 1993 through 1997.
The beginning of the analyzed time period is characterized by a persistent weak warming across the equatorial Pacific, in continuation with the 1992 El Niño event. A deeper thermocline is observed, the anomalies propagating from west to east from the end of 1992 to the beginning of 1993 [37], [14] . It is accompanied by negative SLA (lower sea level) and westerly wind bursts in the western Pacific, as shown in Figs. 7(c) and 8(c), respectively. Sea surface temperatures then return to near normal at the end of 1993 and the beginning of 1994, It is accompanied by an increase (lowering) of the sea level in the western (eastern) Pacific. The second half of 1994 is characterized by another surface warming and a deeper thermocline east of the dateline. The sea level is higher in that region and lower in the western Pacific, characteristic features of El Niño events. During this period, we observe a weakening of the zonal winds in the central Pacific and strong westerly wind bursts in the western Pacific. Although the mechanisms inducing these warmings are quite different [37] , [38] and not completely understood, and despite a quite weak signal, we observe a remarkable agreement over the time period 1993 through 1995 between the measured and simulated SLA (Fig. 7) . It further demonstrates, together with results of Section III, that the scatterometers are able to measure the wind variability associated with these warming events. Both 1993 and 1994 warmings were associated with westerly anomalies in the western Pacific and to a lesser extent in the central Pacific. The situation then has shifted to a La Nina phase in 1995 and 1996, with lower SST's across the Pacific, higher (lower) sea level in the western (eastern) Pacific, and prevailing easterlies across the entire basin. The 1997-1998 El Niño event is the strongest that has developed in the past decades. We indeed observe on The results of this section qualitatively and quantitatively assess the adequacy of scatterometer measurements for large scale oceanic studies. This will lead to investigation of the annual and interannual ocean variability mechanisms in the tropical oceans by using the scatterometer wind data over long time periods, jointly with all other observational means and modeling tools.
VI. CONCLUSION
The aim of this paper is to demonstrate the adequacy of spaceborne scatterometers to provide accurate wind stress fields for oceanic studies. A homogeneous archive of such data covering several years is now available from the ERS-1 and 2 scatterometers. These data were validated through comparisons with various other data sets derived from in situ measurements or from atmospheric models [21] , [8] , [20] and also in the context of a geophysical study [ 14] , [9] . We focus here on the large-scale sea level variability in the tropical oceans, which has the characteristic that it reacts strongly and quickly to the atmosphere's variability, allowing the study of the impact of scatterometer winds. Moreover, the limited coverage by the ERS scatterometer is sufficient for capturing most of the tropical atmosphere variability at scales of interest for the oceanic circulation. Thus, the sampling problems that occur at higher latitudes do not apply as severely in the tropics. We show in this paper that the weekly scatterometer winds very well correlate with the TAO buoy winds with correlation coefficients as high as 0.9 in three areas of the tropical Pacific covering the TAO array.The zonal and meridional wind components standard deviations vary between 0.9 m/s and 1.6 m/s. The agreement is better in the central and eastern Pacific and lower in the Warm Pool area where the wind variability is greater. In this latter area, the scatterometer nevertheless clearly features the wind variability at the time scale of a few weeks, including the so-called Madden-Julian oscillations and the westerly wind bursts that are important triggering factors for the ocean [12] , [13] .
To go beyond this validation, the OGCM OPA7 has been forced with scatterometer derived momentum fluxes, with bulk sensible and latent heat fluxes computed with scatterometer winds and observed SST's, and with precipitation and solar fluxes from an atmospheric climate model over the time period of 1992-1995 (run ERS/Run). A concurrent run has also been performed by using only fluxes from the atmospheric model (run ARP/Run). An EOF analysis of the simulated sea level and of the T/P measurements is used to test the numerical sno .L Modes 3 and 4 describe the semi-annual and interannual variability in the Pacific and Indian oceans, respectively. They both feature zonal oscillations of the sea level between the east and west parts of the basins with amplitudes as high as 15 cm. The connection between the two basins is hardly discernible giving the short analyzed time period. Mode 3 features the zonal seesaw in the sea level linked to the El Niño events. The correlation coefficients between the T/P and ERS/Run temporal and spatial patterns are 0.85 and 0.71, respectively. Note that an analysis restricted to the Pacific Ocean would have increased this latter correlation. The Indian ocean has also experienced a large interannual zonal oscillation during this time period, as shown in mode 4.
The EOF analysis has shown the very good agreement between the simulated and the measured sea level, even for the higher-order significant modes. It thus assesses the scatterometer wind accuracy for the large-scale ocean circulation studies. In the last section, we have described the wind and sea level variability over a longer time period (1993 through 1997) in order to cover the recent 1997-1998 El Niño event. The amplitude of this event is reflected in the wind and sea level, which present large anomalies. We observe at the beginning of 1997 strong westerly wind bursts in the western Pacific that occur throughout the year. We observe also at the beginning of 1997 a significant weakening of the trade winds in the central Pacific near the date line, and they reverse, for the first time during 1993 through 1997, to westerly winds in the second half of 1997. As warm water 
